Abstract-We present the results of a study on epitaxial transfer of InP-based heterostructure barrier varactor (HBV) materials onto a silicon substrate employing the low-temperature plasmaactivated bonding technique. The test diodes fabricated on the bonded samples exhibit symmetric electrical characteristics, over the temperature range of 25
InGaAs/InAlAs/AlAs Heterostructure Barrier
Varactors on Silicon Substrate
I. INTRODUCTION
T ERAHERTZ (THz) electronics provides a technology platform for a variety of applications ranging from radio astronomy to biomedical imaging and wireless communications. This technology is largely based on high-frequency devices that out of necessity have been fabricated from high-mobility III-V semiconductors [1] . Unfortunately, further progress is hampered due to the difficulty to realize fundamental sources in this frequency region. A possibility is to use nonlinear devices and generate high-frequency harmonics from a lower frequency pump. The heterostructure barrier varactor (HBV) [2] is one such device that has a symmetric/ antisymmetric electrical characteristic and, thus, does not require dc bias. Another benefit of the HBV is its inherent highvoltage handling capability, which requires excellent thermal management. Thermal issues become even more pronounced at higher frequencies since size constraints, together with reduced efficiency, increase the heat dissipation density.
Even though the III-V material systems are optimal for the epitaxy when targeting extreme THz frequencies, there are some limitations concerning their native substrates. When addressing issues such as thermal management, integration, machining/processing, and fundamental electromagnetic properties, other substrate materials might be better suited. By transferring the active layer structure of the device onto substrates with superior properties, the overall device performance, integration, and functionality can be significantly improved [3] .
To address the mentioned drawbacks with the native III-V substrate, there have been different reports on substrate transfer efforts for the HBV. The epitaxial transfer of the InP-based HBVs onto copper has been reported [4] reducing the electrical and thermal spreading resistance, although modern planar HBV topologies require a nonconducting substrate. Transferring the epitaxial structure onto quartz (ε r ≈ 3.9) [5] and borosilicate glass (ε r ≈ 4.5) [6] has been reported in order to decrease the dielectric constant of the substrate, resulting in less parasitic capacitance. On the issue of improving the device thermal management, the measurement results of the hybrid AlNbased [7] , [8] flip-chipped HBV circuits have yielded dramatic improvements in the power handling ability and conversion efficiency. This is due to the high thermal conductivity of AlN (∼170 W/m · K) compared to InP (∼ 70 W/m · K) [9] , [10] .
In this letter, we demonstrate the high-quality epitaxial transfer of InP-based HBVs onto a silicon substrate utilizing the low-temperature plasma-activated bonding [11] technique as the two material systems are thermally mismatched. This direct bonding approach was preferred over adhesive bonding [3] , [12] techniques due to the ambiguous long time behavior and difficulties with the thermal treatment of the adhesive materials. Silicon has several advantages over an InP substrate. Aside from having almost two times higher thermal conductivity, it is also less brittle and has the whole mature microelectromechanical systems toolbox at its disposal. This enables a high level of heterogeneous device integration with micromachined THz waveguides and antennas [13] . Our results show no degradation of the electrical characteristics of the fabricated test diodes compared to those of the InP-based diodes.
II. DEVICE FABRICATION
The HBV layer structure [6] , Chalmers MBE2052, was grown on a 2-in-diameter InP substrate using molecular beam epitaxy (MBE) in an EPI 930 MBE system at about 500
• C. The barrier layers consist of 50-Å In 0.53 Ga 0.47 As, 50-Å In 0.52 Al 0.48 As, 30-Å AlAs, 50-Å In 0.52 Al 0.48 As, and 50-Å In 0.53 Ga 0.47 As. Fig. 1 shows the schematic of the layer structure on the target substrate.
The (100) silicon wafer used in this experiment was a 2-indiameter n-doped wafer with a thickness of 290 μm. The wafer was initially cleaned in a NH 4 OH : remove the organic contaminants and then was dipped in a 2% HF solution for 30 s in order to remove the native silicon oxide layer at the surface. A 30-s oxygen plasma treatment was performed on the wafers in the Oxford Plasmalab System 100 after the initial cleaning of the chamber. An oxygen flow of 20 sccm with a 40-mtorr pressure at a forward power of 15 W and an ICP power of 800 W was set for this step. Following a short dip of the silicon wafer in water, the wafer was blow dried with N 2 , and the two surfaces were immediately put in contact and were transferred to the substrate bonder, MicroTec Suss SB6, where 1000 mbar of tool pressure was applied on the wafers at close to the room temperature (RT) for about 4 h. The bonding quality was then inspected using an infrared (IR) light source to detect the bonded and unbonded regions, i.e., voids, where Newton's rings could be observed. After optical inspection, the InP substrate was etched away in a HCl:H 2 O 5 : 1 solution for 1 h. After the epitaxial transfer, the wafer was diced into samples of 8 mm × 8 mm dimensions. Diode mesas with areas of 3600 μm 2 were fabricated by standard photolithography and wet etching. A second photolithography step was performed to e-beam evaporate the nonalloyed Ti/Pd/Au contacts on the top of the created mesas. Due to the thermal mismatch of the bonded materials, avoiding high-temperature annealed contacts is preferred. Before the actual contact deposition, the samples were treated by a 10-min long UV ozone followed by a 20-s ammonium hydroxide dip after which the samples were blow dried by N 2 .
III. RESULTS
The IR image taken from the bonded wafers is shown in Fig. 2(a) . Few unbonded regions are observed mostly close to the edges where Newton's rings are visible. The side image of the layer structure of the bonded material and the interface between the highly doped In 0.52 Ga 0.48 As and silicon can be seen from the SEM image in Fig. 2(b) . In order to find out the maximum allowed temperature before debonding, the samples were annealed for 1 min from 200
• C to 300 • C, and it was found that the debonding onset temperature is about 260
• C. Beyond this temperature, the samples would be irreversibly damaged.
The current-voltage characteristics of the fabricated diodes were measured with a Keithley 4200 semiconductor characterization system at different temperatures from RT up to 165
• C (see Fig. 3 ). Fig. 4 shows the differential capacitance-voltage (C-V ) characteristics of the fabricated diodes on the silicon substrate, together with the InP-based diodes with a similar intrinsic HBV layer specification, Chalmers MBE2049 [6] , measured at RT with an HP4284A LCR meter. For the twobarrier device measured at RT, a breakdown voltage of about 10.5 V was observed. The maximum voltage, here defined as the voltage resulting in a current density of 100 A/cm 2 , drops from ca. 10.5 V at RT down to 6.8 V at 165
• C. A zero-biased differential capacitance of about 1.3 fF/μm 2 and a minimum differential conductance (dI/dV )| v=0 of 0.12 pS/μm 2 were measured. The measured parameters are all comparable to previously reported data for the similar active layer structures on the InP substrate [8] , [14] , [15] .
The effective barrier height φ b of the pseudomorphic In 0.52 Al 0.48 As/AlAs/In 0.52 Al 0.48 As barrier structure can be estimated by analyzing the minimum differential conductance G min versus temperature. For a small external bias and relatively thick barriers, for example, > 10 nm, thermionic emission across the barrier will start to dominate over the tunneling current [14] at moderate to high temperatures. If the effect of field emission and tunneling is neglected, the current is mainly limited by thermionic emission as described by Richardson's law
where A * is the modified Richardson constant and φ b is the bias-dependent barrier height [16] . Hence, the differential conductance at zero bias can be expressed as
An Arrhenius plot of the measured minimum conductance ln(G min /T ) versus 1000/T is shown in Fig. 5 . The measurements indicate that thermionic emission starts to dominate above ca. 350 K, whereas the tunneling of carriers is more important at RT.
The effective barrier height at zero bias of the device φ b was estimated to be 0.56 eV by applying a least square fit of (2) for the high-temperature region (asymptote). The data are comparable with reported results for HBVs on InP [14] , [15] and also close to the expected conduction band offset ΔE c of 0.65eV [17] .
IV. CONCLUSION
We have successfully demonstrated a direct bonding technique for transferring InGaAs/InAlAs/AlAs HBVs onto silicon substrates without any use of adhesives. The low-temperature plasma-activated bonding method resulted in a mechanically and thermally stable structure, and no degradation was observed in the electrical characteristics over normal operating temperatures. The epitaxial transfer technique is promising for future integrated THz circuits, where high-speed III-V devices can be combined with silicon-based electronics as well as advanced micromachined THz circuits.
